Background {#sec1-1744806916643082}
==========

*Trans*-resveratrol (*trans*-3,4′-5-trihydroxystilbene) is a naturally occurring polyphenol present in red wine and various food products. It is well known that resveratrol has a variety of biological actions, including cardiovascular protective, neuroprotective, anticancer, and anti-inflammatory effects.^[@bibr1-1744806916643082],[@bibr2-1744806916643082]^ However, recent studies have reported that resveratrol modulates neuronal excitability of the peripheral and central nervous systems (CNSs) via various voltage-dependent ion channels^[@bibr3-1744806916643082][@bibr4-1744806916643082][@bibr5-1744806916643082]--[@bibr6-1744806916643082]^ and ligand-gated ion channels,^[@bibr7-1744806916643082],[@bibr8-1744806916643082]^ including neurons in the sensory information processing system. For example, resveratrol inhibits voltage-gated Na^+^ currents in primary afferent neurons, such as dorsal root ganglion (DRG) neurons,^[@bibr3-1744806916643082]^ and modulates several types of potassium channels^[@bibr5-1744806916643082],[@bibr6-1744806916643082]^ Resveratrol decreases prostaglandin E~2~ (PGE~2~) production by inhibiting cyclooxygenase (COX)-2 cascades and is a potent inhibitor of inducible COX-2.^[@bibr9-1744806916643082],[@bibr10-1744806916643082]^ PGE~2~ is a well-known inflammatory mediator and sensitizer of peripheral nociceptors that can also act on the CNS, including somatosensory neurons in the spinal dorsal horn.^[@bibr11-1744806916643082][@bibr12-1744806916643082]--[@bibr13-1744806916643082]^ Previous reports indicated that resveratrol inhibits inflammation-induced hyperalgesia by suppressing COX-1 and COX-2 activity.^[@bibr10-1744806916643082],[@bibr14-1744806916643082],[@bibr15-1744806916643082]^ It is well known that the acidic antipyretic analgesic nonsteroidal anti-inflammatory drugs are potent inhibitors of COX-2.^[@bibr16-1744806916643082]^ Together, these observations suggest that resveratrol may be a potential therapeutic agent for the prevention of inflammatory hyperalgesia.

There is an important relay station in the trigeminal spinal nucleus for the transmission of orofacial sensory information that is functionally subdivided into three nuclei (from rostral to caudal): oralis, interpolarlis, and caudalis.^[@bibr17-1744806916643082]^ It is well known that the spinal trigeminal nucleus caudalis (SpVc) and the upper cervical (C1--C2) dorsal horn are important relay stations for trigeminal nociceptive inputs from inflammation and tissue injury.^[@bibr17-1744806916643082],[@bibr18-1744806916643082]^ Chronic pathological conditions such as tissue inflammation can change the properties of somatic sensory pathways, leading to hyperalgesia,^[@bibr19-1744806916643082]^ changes in the excitability of primary afferent neurons (peripheral sensitization), and altered information processing in the trigeminal spinal nucleus or higher centers.^[@bibr20-1744806916643082]^ Rat models of inflammation in the orofacial region have been developed using complete Freund's adjuvant (CFA) for investigations of trigeminal pathological pain.^[@bibr18-1744806916643082],[@bibr21-1744806916643082][@bibr22-1744806916643082]--[@bibr23-1744806916643082]^ Previous studies reported that CFA inflammation induced hyperexcitability of SpVc wide-dynamic range (WDR) neurons in response to mechanical stimuli.^[@bibr18-1744806916643082],[@bibr22-1744806916643082]^ There are reports that SpVc and C1--C2 WDR neurons contribute to the mechanism of hyperalgesia and referred pain associated with dental pain.^[@bibr24-1744806916643082],[@bibr25-1744806916643082]^ Recently, we reported that, in the absence of inflammatory or neuropathic pain, acute intravenous administration of resveratrol suppresses SpVc WDR neuron excitability, and so resveratrol has potential as a complementary and alternative medicine (CAM) for the treatment of trigeminal nociceptive pain without side effects.^[@bibr26-1744806916643082]^ Indeed, many recent reports have described the use of CAM, such as herbal medicines and acupuncture, for the treatment of persistent clinical chronic pain.^[@bibr27-1744806916643082][@bibr28-1744806916643082]--[@bibr29-1744806916643082]^ Because resveratrol has no known toxic side effects,^[@bibr30-1744806916643082]^ it could be a candidate CAM for the therapeutic treatment of pain. In addition, Cady et al.^[@bibr31-1744806916643082]^ reported that dietary grape seed polyphenol extract inhibited temporomandibular joint (TMJ) inflammation-induced pain by suppressing the development of peripheral and central sensitization, including neuron--glial cell interactions in the trigeminal ganglia.^[@bibr31-1744806916643082]^ Together, these studies suggest that resveratrol could attenuate inflammation-induced hyperexcitability of SpVc neurons associated with trigeminal hyperalgesia. However, until now, no studies have addressed this possibility. Therefore, the aim of the present study was to investigate whether chronic resveratrol administration to rats could attenuate the inflammation-induced hyperexcitability of SpVc neurons associated with hyperalgesia in vivo.

Methods {#sec2-1744806916643082}
=======

The experiments performed in the present study were approved by the Animal Use and Care Committee of Azabu University and were consistent with the ethical guidelines of the International Association for the Study of Pain.^[@bibr32-1744806916643082]^ Every effort was made to minimize the number of animals used and their suffering.

Induction of cutaneous inflammation and resveratrol administration {#sec3-1744806916643082}
------------------------------------------------------------------

Experiments were performed on adult male Wistar rats (250--310 g; *n* = 25). Rats were divided into three groups as follows: (a) a naïve (control) group (*n* = 7); (b) an inflamed group (*n* = 8), in which inflammation was induced using CFA; and (c) inflamed rats treated with resveratrol (2 mg/kg, i.p.; *n* = 10). All rats were anesthetized with sodium pentobarbital (45 mg/kg, i.p.), after which rats in the inflamed groups were injected with CFA (0.05 mL, 1:1 oil:saline suspension) into the left side of the whisker pad, as described previously,^[@bibr23-1744806916643082]^ whereas rats in the naïve group were injected with vehicle (0.9% NaCl). In some experiments, the CFA-induced inflammation was verified by extravasation of Evan's blue dye (50 mg/mL, 1 mL/kg, i.v.); postmortem examination of the injected facial region revealed accumulation of blue dye in the skin, indicating that the plasma protein extravasation was due to localized inflammation.^[@bibr18-1744806916643082],[@bibr21-1744806916643082]^

Resveratrol was dissolved in dimethyl sulfoxide. Aliquots (0.2 mL) of the stock solution (20 mmol/L) were stored at −20℃ and were diluted to the desired concentrations in saline prior to use. Because the effects of resveratrol are manifested within 24 h,^[@bibr10-1744806916643082]^ resveratrol was administered to rats daily before behavioral and electrophysiological testing.

Mechanical threshold for escape behavior {#sec4-1744806916643082}
----------------------------------------

The mechanical threshold for escape behavior was determined as described previously.^[@bibr23-1744806916643082],[@bibr33-1744806916643082]^ Briefly, zero, one, and two days after CFA or vehicle injection into the whisker pad, mechanical hyperalgesia was assessed using a set of von Frey hairs (Semmes-Weinstein Monofilaments; North Coast Medical, Gilroy, CA) in the ipsilateral and contralateral whisker pad. To evaluate the escape threshold of rats, von Frey mechanical stimuli were applied to the whisker pad in an ascending series of trials. Each von Frey stimulus was applied three times in each series of trials. Escape threshold intensity was defined as the point at which the rats moved their head away from at least one of the three stimuli.

Extracellular single-unit recording of SpVc WDR neuronal activity {#sec5-1744806916643082}
-----------------------------------------------------------------

Electrophysiological recordings were made two days after CFA or vehicle injection. Rats were anesthetized with pentobarbital sodium (45 mg/kg, i.p.) and anesthesia was maintained with additional doses of 2--3 mg/kg per hour through a cannula inserted in the jugular vein, as required. The level of anesthesia was confirmed by the absence of the corneal reflex and a lack of response to paw pinching. Rectal temperature was maintained at 37.0 ± 0.5℃ with a homeothermic blanket during recording. Rats were then placed in a stereotaxic apparatus and the activity of a single neuron from the SpVC region was recorded extracellularly. Single neuron activity was recorded using a glass micropipette filled with 2% Pontamine sky blue and 0.5 M sodium acetate according to the stereotaxic coordinates of Paxinos and Watson.^[@bibr34-1744806916643082]^ Neuronal activity was amplified (DAM80 differential amplifier; World Precision Instruments), filtered (0.3--10 kHz), monitored with an oscilloscope (SS-7672; Iwatsu, Tokyo, Japan), and recorded for off-line analysis by Power Lab and Chart 5 software (ADInstruments, UK), as described previously.^[@bibr26-1744806916643082]^

Experimental protocols {#sec6-1744806916643082}
----------------------

Recordings of extracellular WDR unit activity were performed as follows. Mechanical stimulation (with a paint brush) was used as a search stimulus to quickly identify the receptive field and to avoid sensitization of peripheral receptors. Single units that responded on the left-side orofacial skin (whisker pad) were searched for using a brush and a set of von Frey hairs. Noxious pinch stimulation was applied to the whisker pad with calibrated forceps (5 s) that evoked a pain sensation when applied to a human subject. After identification of WDR SpVc neurons in the whisker pad that were responding, we determined whether there was spontaneous discharge from these neurons. We compared discharge rates induced by mechanical stimulation in naïve and inflamed rats. The threshold for mechanical stimulation was determined by using nonnoxious and noxious mechanical stimulation with von Frey hairs (0.16, 0.4, 2, 6, 10, 15, 26, 60 g; 5 s each) applied at 5-s intervals. The mechanical receptive field of neurons was mapped by probing the whisker pad with von Frey hairs and then outlined on a life-sized drawing of a rat on tracing paper.^[@bibr24-1744806916643082],[@bibr26-1744806916643082]^ The WDR neuronal discharges induced by mechanical stimulation were quantified by subtracting background activity from evoked activity. Spontaneous discharge frequencies were determined over 2--5 min. Mean firing rates of SpVc WDR neurons evoked by mechanical stimulation were compared before and after drug administration. Because previous studies have demonstrated that WDR neurons in the SpVc region have an important role in the mechanism underlying hyperalgesia and referred pain associated with orofacial pain,^[@bibr18-1744806916643082],[@bibr24-1744806916643082],[@bibr25-1744806916643082],[@bibr35-1744806916643082]^ the focus of the present study was on the effects of resveratrol on SpVc WDR neuronal activity; we did not examine nociceptive-specific neurons.^[@bibr36-1744806916643082]^ Peristimulus histograms (bin = 100 ms) were generated in response to each stimulus. Spontaneous discharge was subtracted from neuronal responses during the analysis. After discharges were recorded for 60 s after pinching the skin in the receptive field. Mean spontaneous, mechanical stimulation-evoked discharge frequencies, after discharge frequency, and the mean mechanical threshold of SpVc WDR neurons were compared among three groups (naïve, inflamed (CFA, untreated), and inflamed + resveratrol treated).

Identification of recording sites {#sec7-1744806916643082}
---------------------------------

At the end of recording sessions, rats were deeply anesthetized and anodal DC currents (30 μA, 5 min) were passed through a recording micropipette. Rats were perfused transcardially with saline and 10% formalin. Frozen coronal sections (30 µm) were cut and stained with hematoxylin--eosin. Recording sites were identified from the blue spots, whereas electrode tracks were constructed using the blue spots in combination with micromanipulator readings.

Data analysis {#sec8-1744806916643082}
-------------

Values are expressed as the mean ± SEM. Statistical analysis was performed using two-way repeated measures analysis of variance followed by Tukey--Kramer or Dunnett's post hoc tests for behavioral and electrophysiological data. Two-sided *p* \< 0.05 was considered significant.

Results {#sec9-1744806916643082}
=======

Inflammation-induced hyperalgesia {#sec10-1744806916643082}
---------------------------------

After CFA injection, rats were tested for abnormal pain sensation by probing the injected site and the whisker pad with von Frey filaments. The threshold for escape from mechanical stimulation applied to the whisker pad area was significantly reduced in inflamed versus naïve rats (2.4 ± 0.7 vs. 56.2 ± 3.8 g, respectively; *p* \< 0.05; [Figure 1](#fig1-1744806916643082){ref-type="fig"}) two days after CFA or vehicle injection. In addition, the threshold for escape from mechanical stimulation was significantly reduced in inflamed rats one day after injection (*p* \< 0.05; [Figure 1](#fig1-1744806916643082){ref-type="fig"}). No significant differences in the threshold for escape were observed in the contralateral whisker pad area between the naïve and inflamed groups (58.1 ± 2.8 vs. 59.3 ± 4.2 g, respectively). Figure 1.Comparison of changes in the escape threshold among naïve (control), inflamed, and resveratrol-treated inflamed rats. Mechanical stimulation using von Frey hairs was applied to the ipsilateral whisker pad of naïve (saline injected; *n* = 7), inflamed rats (injection of CFA into the whisker pad; *n* = 8) and resveratrol-treated inflamed (2 mg/kg, i.p.; *n* = 10) rats to assess hyperalgesia. Data are the mean ± SEM. \**p* \< 0.05 compared with inflamed rats; ^\#^*p* \< 0.05 compared with Day 1. CFA: complete Freund's adjuvant.

Effects of chronic resveratrol administration on hyperalgesia {#sec11-1744806916643082}
-------------------------------------------------------------

Resveratrol administration (2 mg/kg, i.p.) partially reversed the reduced escape threshold from mechanical stimulation in Day 1 inflamed rats, but the escape threshold remained significantly lower than in naïve rats ([Figure 1](#fig1-1744806916643082){ref-type="fig"}). However, as shown in [Figure 1](#fig1-1744806916643082){ref-type="fig"}, resveratrol had restored the escape threshold to control levels in Day 2 inflamed rats, with the threshold in untreated and treated inflamed rats on Day 2 being 2.4 ± 0.7 and 34.6 ± 1 2.8 g, respectively (*p* \< 0.05). No significant differences in the threshold for escape between naïve and treated inflamed rats on Day 2 (52.7 ± 7.7 vs. 34.6 ± 12.8 g, NS)

General characteristics of SpVc WDR neurons {#sec12-1744806916643082}
-------------------------------------------

In all, 25 SpVc WDR neurons responding to mechanical stimulation of the whisker pad were analyzed in naïve (*n* = 7), inflamed (*n* = 8), and resveratrol-treated inflamed (*n* = 10) rats. These SpVc neurons that responded to nonnoxious and noxious mechanical stimulation exhibited a somatic receptive field in the orofacial area (mainly the whisker pad; [Figure 2(a)](#fig2-1744806916643082){ref-type="fig"}). Every neuron recorded belonged to the category of WDR neurons. As shown in [Figure (2b)](#fig2-1744806916643082){ref-type="fig"}, typical recording sites were distributed primarily in the maxillary and mandibular branches, and recording sites were found in Layers I--II (*n* = 11; 44%) and III--V (*n* = 14; 56%) in the SpVc (obex between −1.0 and −2.0 mm). There were no obvious differences in recording sites for each of the units among the three groups. As shown in [Figure 2(c)](#fig2-1744806916643082){ref-type="fig"}, graded mechanical stimulation was applied to the most sensitive area of the receptive field, with the increased firing frequency of SpVc neurons being proportional to stimulus intensity. Figure 2.General characteristics of SpVc WDR neuronal activity in the whisker pad. (a) Receptive field of the whisker pad in the facial skin. (b) Distribution of SpVc WDR neurons responding to nonnoxious and noxious mechanical stimulation of the facial skin (*n* = 25). Numbers below each drawing indicate the frontal plane in relation to the obex. (c) Examples of SpVc WDR neuronal firing in response to nonnoxious and noxious mechanical stimuli. SpVc: spinal trigeminal nucleus caudalis; WDR: wide-dynamic range.

Changes in excitability of SpVc WDR neurons following inflammation {#sec13-1744806916643082}
------------------------------------------------------------------

We confirmed in the present study that CFA induced hyperexcitability of SpVc WDR neurons compared with naïve rats ([Figure 3(a)](#fig3-1744806916643082){ref-type="fig"}), as reported previously.^[@bibr18-1744806916643082]^ In naïve rats, spontaneous discharges were observed in 14.3% (1/7) of SpVc neurons ([Figure 3(a)](#fig3-1744806916643082){ref-type="fig"}). Most neurons fired at a low frequency, with a mean firing frequency of 0.1 ± 0.2 Hz (*n* = 7; without mechanical stimulation), whereas approximately 62.5% of WDR neurons (5/8; mean firing frequency 3.5 ± 0.3 Hz) were spontaneously active in inflamed rats ([Figure 3(b)](#fig3-1744806916643082){ref-type="fig"}). In inflamed rats, SpVc WDR neurons exhibited significantly stronger responses to nonnoxious mechanical stimulation than in naïve rats ([Figure 3(b)](#fig3-1744806916643082){ref-type="fig"}), as reported previously.^[@bibr18-1744806916643082]^ The mean firing frequencies of SpVc WDR neurons in response to mechanical stimuli (0.16, 2, 10, 60 g, pinch) were significantly greater in inflamed than naïve rats (*p* \< 0.05; [Figure 4](#fig4-1744806916643082){ref-type="fig"}). The mean mechanical threshold was significantly decreased in inflamed compared with naïve rats (0.5 ± 0.3 vs. 2.1 ± 0.5 g, respectively; *p* \< 0.05; [Figure 5(a)](#fig5-1744806916643082){ref-type="fig"}), whereas the mean spontaneous discharge was increased significantly in inflamed rats ([Figure 5(b)](#fig5-1744806916643082){ref-type="fig"}). Although there was no obvious after discharge in response to noxious pinch in naïve rats (0/7; 0%), most SpVc neurons in inflamed rats (5/8; 62.5%) showed after discharges following noxious pinch stimulation (frequency 6.3 ± 2.4 Hz, duration 21.2 ± 6.2 s; [Figures 3(b)](#fig3-1744806916643082){ref-type="fig"} and [5(c)](#fig5-1744806916643082){ref-type="fig"}). The mean size of the receptive field was significantly greater in inflamed than naïve rats (28.2 ± 2.6 vs. 17.1 ± 3.1 mm^2^, respectively; *p* \< 0.05; [Figure 5(d)](#fig5-1744806916643082){ref-type="fig"}) Figure 3.Reversal by chronic resveratrol of SpVc WDR neuronal hyperactivity after induction of orofacial inflammation. Examples of discharges from SpVc WDR neurons in response to nonnoxious and noxious mechanical stimulation in (a) naïve (control), (b) inflamed, and (c) resveratrol-treated inflamed rats (2 mg/kg, i.p.). Note that resveratrol administration restored the inflammation-induced decreases in the mechanical stimulation threshold to evoke neuronal firing, increases in spontaneous discharge and the size of the receptive field, and the occurrence of noxious pinch-evoked discharges in inflamed rats to control levels. SpVc: spinal trigeminal nucleus caudalis; WDR: wide-dynamic range. Figure 4.Summary of resveratrol reversal of the augmented discharge frequency of SpVc WDR neurons after induction of orofacial inflammation. (a) Mean discharge frequencies of SpVc WDR neurons evoked by mechanical stimulation (nonnoxious and noxious) of the whisker pad in naïve (control), inflamed, and resveratrol-treated inflamed rats (2 mg/kg, i.p.). \**p* \< 0.05 compared with inflamed rats. SpVc: spinal trigeminal nucleus caudalis; WDR: wide-dynamic range. Figure 5.Summary of resveratrol reversal of SpVc WDR neuron hyperexcitability after induction of orofacial inflammation. (a) Mean mechanical threshold, (b) mean spontaneous discharge, (c) mean noxious pinch-evoked after discharge frequency, and (d) mean size of the receptive field of SpVc WDR neurons in naïve (control), inflamed, and resveratrol-treated inflamed rats (2 mg/kg, i.p.). \**p* \< 0.05 compared with inflamed rats. SpVc: spinal trigeminal nucleus caudalis; WDR: wide-dynamic range.

Effects of chronic resveratrol on hyperexcitability of SpVc WDR neurons in inflamed rats {#sec14-1744806916643082}
----------------------------------------------------------------------------------------

Based on the results of behavioral analyses of escape threshold, the effects of chronic resveratrol (2 mg/kg, i.p.) administration on the hyperexcitability of SpVc WDR neurons were evaluated in inflamed Day 2 rats. Ten SpVc WDR neurons responding to mechanical stimulation of the whisker pad were analyzed; the excitability of 8 of the 10 neurons (80%) had returned to control levels after two days treatment with resveratrol, whereas two neurons remained hyperexcitable. Typical examples of the effects of chronic resveratrol administration on discharge rates of SpVc WDR neurons in inflamed rats in response to nonnoxious (0.16--10 g) and noxious mechanical (15--60 g, pinch) stimulation are shown in [Figure 3(c)](#fig3-1744806916643082){ref-type="fig"}. As shown in [Figure 3(c)](#fig3-1744806916643082){ref-type="fig"}, the CFA-induced reduction in mechanical threshold and augmented spontaneous, as well as noxious and nonnoxious, firing frequency in inflamed rats returned to levels in naïve rats after resveratrol treatment. As shown in [Figure 4](#fig4-1744806916643082){ref-type="fig"}, the mean discharge frequency of SpVc WDR neurons in inflamed rats in response to nonnoxious and noxious mechanical stimuli was significantly decreased after resveratrol treatment (*p* \< 0.05). Resveratrol also significantly returned the mean mechanical stimulation threshold in inflamed rats to control levels ([Figure 5(a)](#fig5-1744806916643082){ref-type="fig"}: *p* \< 0.05). The mean spontaneous discharges of SpVc WDR neurons in inflamed rats returned to levels as in naïve rats after resveratrol treatment ([Figure 5(b)](#fig5-1744806916643082){ref-type="fig"}; *p* \< 0.05). Similarly, resveratrol treatment of inflamed rats decreased the number of neurons exhibiting after discharges in response to noxious pinch (75% vs. 20% in untreated and treated inflamed rats, respectively), as well as the mean firing frequency of these after discharges, which were significantly restored to control levels after resveratrol treatment ([Figure 5(c)](#fig5-1744806916643082){ref-type="fig"}: *p* \< 0.05). Resveratrol treatment also reduced the mean size of the receptive field in inflamed rats to control levels (*p* \< 0.05; [Figure 5(d)](#fig5-1744806916643082){ref-type="fig"}). Daily systemic administration of vehicle had no significant on either spontaneous-, nonnoxious-, noxious mechanical-, or pinch-evoked hyperexcitability of SpVc WDR neurons in inflamed rats (data not shown).

Discussion {#sec15-1744806916643082}
==========

Resveratrol attenuates trigeminal hyperalgesia {#sec16-1744806916643082}
----------------------------------------------

Previous studies indicated that resveratrol attenuates nociceptive behavior in various pain models, including neuropathic and inflammatory pain.^[@bibr10-1744806916643082],[@bibr14-1744806916643082],[@bibr15-1744806916643082]^ In the present study, the behavioral experiments showed that (a) the threshold of escape from mechanical stimulation applied to the orofacial area was significantly lower in inflamed than naïve rats, as reported previously;^[@bibr18-1744806916643082]^ (b) one day after the induction of inflammation, there is tendency for resveratrol (2 mg/kg, i.p.) to return the decreased threshold of escape toward control levels; and (c) by Day 2 after the induction of inflammation, repeated dosing with resveratrol had significantly increased the threshold of escape to control levels. These findings are in agreement with those of a previous study that showed an antinociceptive effect of resveratrol with a dose as low as 2 mg/kg, i.p., and no further increase in effect with higher doses.^[@bibr15-1744806916643082]^ Pham-Marcou et al.^[@bibr10-1744806916643082]^ also demonstrated a prolonged antinociceptive effect of resveratrol that lasted between 3 and 48 h after i.p. injection that was mediated by inhibition of COX-2 mRNA levels of both the DRG and spinal cord. Because resveratrol is considered a potent, nonspecific COX-1/COX-2 inhibitor,^[@bibr9-1744806916643082],[@bibr10-1744806916643082],[@bibr14-1744806916643082],[@bibr15-1744806916643082]^ it can be assumed that suppression of peripheral and central PGE~2~ production following chronic resveratrol administration may be responsible for the return of the escape threshold from mechanical stimulation to control levels in inflamed rats.

Possible mechanism for resveratrol suppression of hyperalgesia-associated SpVc WDR neuron hyperexcitability {#sec17-1744806916643082}
-----------------------------------------------------------------------------------------------------------

Peripheral tissue injury and inflammation of the innervating trigeminal nerve can alter the properties of trigeminal somatic sensory pathways, causing behavioral hypersensitivity and resulting in increased responses to pain caused by noxious stimuli (e.g. hyperalgesia).^[@bibr19-1744806916643082]^ In the present study, we found that (a) the decreased mean mechanical stimulation threshold in inflamed rats was returned to control levels following daily systemic administration of resveratrol, in accordance with findings of the behavioral study; and (b) the mean discharge frequency of SpVc WDR neurons in inflamed rats in response to both nonnoxious and noxious mechanical stimuli was returned to control levels on Day 2 of resveratrol treatment, suggesting that systemic administration of resveratrol can alter the inflammation-induced hypersensitivity of SpVc WDR neurons.

It has been reported that PGE~2~ facilitates activation of transient receptor potential vanilloid 1 and tetrodotoxin-resistant (TTX-R) Na^+^ channels^[@bibr3-1744806916643082],[@bibr19-1744806916643082],[@bibr37-1744806916643082]^ and that resveratrol inhibits both tetrodotoxin-sensitive (TTX-S) and TTX-R Na^+^ currents in acutely dissociated DRG neurons. TTX-R Na^+^ channels (e.g. Nav1.8 and Nav1.9) appear to be selectively expressed in small- and medium-sized DRG neurons.^[@bibr38-1744806916643082]^ Compelling evidence indicates that these small DRG neurons are somata, which give rise to thinly and unmyelinated C- and Aδ-fibers that primarily conduct nociceptive stimuli. Modulation of these Na^+^ channels involves activation of adenylate cyclase and increases in cAMP, possibly leading to protein kinase A-dependent phosphorylation of the channels. By this mechanism, PGE~2~ produced during an inflammatory response may significantly increase the excitability of nociceptive fibers (peripheral sensitization). Because it has been reported that the excitability of small-diameter trigeminal ganglion neurons seen after PGE~2~ application is associated with an increase in TTX-R Na^+^ currents,^[@bibr39-1744806916643082]^ it can be assumed that resveratrol inhibits the excitability of small-diameter trigeminal ganglion neurons by suppressing TTX-R Na^+^ currents induced by COX-related PGE~2~ production. It is a reasonable assumption that at least part of the peripheral antinociceptive action of resveratrol arises from the prevention of peripheral sensitization, in addition to its effect as an antipyretic analgesic.

Conversely, PGE~2~ also acts in the CNS, namely in the spinal dorsal horn and SpVc neurons, to produce hyperalgesia.^[@bibr11-1744806916643082]^ Inflammation-induced increases in COX-2 mRNA and protein levels have been demonstrated in the spinal cord,^[@bibr13-1744806916643082],[@bibr40-1744806916643082]^ where Cox-1 and Cox-2 are expressed constitutively. Recent evidence indicates that a major stimulus for the induction of COX-2 is the proinflammatory cytokine interleukin-1β, which is found in the periphery as well as the CNS and is produced in response to inflammation.^[@bibr13-1744806916643082],[@bibr41-1744806916643082]^ Two possible molecular mechanisms have been proposed for the central actions of PGE~2~ in producing hyperalgesia: (a) PGE~2~ reduces inhibitory glycinergic neurotransmission through postsynaptic mechanisms^[@bibr42-1744806916643082]^ or (b) at higher concentrations, PGE~2~ directly depolarizes deep dorsal horn neurons.^[@bibr12-1744806916643082]^ Thus, the central antinociceptive effects of systemically administered resveratrol are likely due to the suppression of both PGE~2~-induced reductions in inhibitory glycinergic neurotransmission and PGE~2~-induced depolarization of SpVc neurons.

Previous studies in the chronic inflamed model have reported the occurrence of after discharge from SpVc WDR neurons following noxious mechanical stimulation and that these changes are associated with neuronal sensitization during persistent pain.^[@bibr43-1744806916643082],[@bibr44-1744806916643082]^ Interestingly, in the present study, we demonstrated that the after discharge following noxious pinch observed in inflamed rats was abolished by resveratrol administration. Although the precise mechanism as to how chronic administration of resveratrol suppresses pinch-evoked after discharges remains to be elucidated, two possible mechanisms can be postulated, as follows. First, it has been reported in cats that antagonists of neurokinin 1 receptor (NK1R), the endogenous receptor for substance P, inhibited pinch-evoked after discharges from WDR neurons in the spinal cord.^[@bibr45-1744806916643082]^ Thus, it can be speculated that chronic administration of resveratrol attenuates NK1R-mediated after discharges of WDR neurons in the SpVc. Second, a previous study suggested that local GABAergic mechanisms exert tonic control of nociceptive mechanoreceptor transmission in SpVc neurons, contributing to mechanical receptive properties.^[@bibr24-1744806916643082]^ Because Higashima et al.^[@bibr46-1744806916643082]^ reported that the GABA~A~ receptor antagonist bicuculline inhibits the generation of after discharges from hippocampal neurons, whereas the GABA~B~ receptor antagonist phaclofen enhances them in slice preparations, it is possible that chronic administration of resveratrol attenuates GABA~A~ receptor-mediated after discharges of WDR neurons in the SpVc.

In addition, in the present study, we found that the significant increase in the mean size of the receptive field in inflamed rats was returned to control levels by resveratrol. Although the precise mechanism as to how chronic administration of resveratrol suppresses expansion of the receptive field in CFA-induced inflammation remains to be determined, it is possible that resveratrol alters the size of the receptive field by modulating local GABAergic mechanisms, which are involved in the tonic control of nociceptive mechanoreceptive transmission. However, further studies are needed to investigate this possibility.

Functional significance of resveratrol suppression of hyperalgesia-associated SpVc neuron hyperexcitability {#sec18-1744806916643082}
-----------------------------------------------------------------------------------------------------------

The CFA inflamed rat model is a widely accepted trigeminal chronic pain model.^[@bibr21-1744806916643082],[@bibr22-1744806916643082]^ Following tissue injury and inflammation of the area innervating the orofacial area, changes in neuronal properties lead to pathological pain, such as hyperalgesia and allodynia.^[@bibr18-1744806916643082],[@bibr22-1744806916643082]^ Indeed, it has been reported previously that SpVc WDR neuron hyperexcitability induced by TMJ inflammation contributes to ectopic mechanical allodynia innervating the whisker pad.^[@bibr18-1744806916643082]^

In the present study, resveratrol was able to return the inflammation-induced increased mean spontaneous discharge frequency of SpVc WDR neurons to control levels. Burstein et al.^[@bibr47-1744806916643082]^ reported that the ongoing activities observed in the SpVc are responsible for ongoing headache (spontaneous pain). The origin of ongoing activity in the central neurons that relay sensory information is of considerable clinical interest because it has been suggested as a determinant of the level of posttraumatic injury and chronic pain.^[@bibr48-1744806916643082],[@bibr49-1744806916643082]^ A more recent study demonstrated that ongoing activity of WDR neurons in the SpVc is driven from the periphery, because microinjection of lidocaine into the trigeminal ganglia causes a significant decrease in ongoing activity.^[@bibr50-1744806916643082]^ Together with these results, the findings of the present study suggest that resveratrol attenuates the increased spontaneous discharge activity of SpVc WDR neurons innervating the whisker pad resulting from peripheral or trigeminal ganglion sensitization^[@bibr51-1744806916643082]^ and so contributing to spontaneous pain.

Although a previous study indicated that dietary grape seed polyphenol extract inhibited TMJ inflammation-induced pain,^[@bibr31-1744806916643082]^ little is known regarding the mechanism underlying the antinociceptive effects polyphenols. More recently, we reported that in the absence of inflammatory or neuropathic pain, acute intravenous administration of resveratrol suppressed SpVc WDR neuronal activity in response to noxious stimulation and that resveratrol may therefore have potential as a CAM without side effects in the treatment of trigeminal nociceptive pain.^[@bibr26-1744806916643082]^ In the present study, under in vivo conditions, daily systemic administration of resveratrol attenuated inflammation-induced hyperexcitability of trigeminal SpVc neurons associated with hyperalgesia in rats. Recently, there has been an increase in the number of CAM for the treatment of persistent chronic pain.^[@bibr29-1744806916643082],[@bibr52-1744806916643082]^ Patients frequently turn to CAM therapies such as herbal medicines and acupuncture for pain control when conventional medical treatments are ineffective.^[@bibr28-1744806916643082]^ In recent studies, the potential effects of diet and dietary supplementation on conditions associated with pain have been the focus of considerable research.^[@bibr53-1744806916643082][@bibr54-1744806916643082]--[@bibr55-1744806916643082]^ The findings of the present study contribute to the search for and development of analgesic drugs with fewer side effects for the treatment of pathological pain, including orofacial pain. The findings from the present in vivo study support the idea that resveratrol could be a potential CAM for the treatment of trigeminal inflammatory hyperalgesia.

Conclusion {#sec19-1744806916643082}
==========

The present study provides evidence that chronic administration of resveratrol attenuates inflammation-induced mechanical hyperalgesia and that this effect is due primarily to the suppression of SpVc WDR neuron hyperexcitability via inhibition of both peripheral and central COX cascade signaling pathways. These findings support the notion that resveratrol could be an effective CAM, with fewer side effects, for the treatment of trigeminal inflammatory hyperalgesia.
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